Background: Steroids administered PO and intramuscularly are associated with development of congestive heart failure in cats without prior signs of heart disease, but criteria to identify cats at increased risk for steroid-induced heart failure are not established.
| INTRODUCTION
Steroids are implicated in structural and hemodynamic cardiovascular changes in both human and veterinary patients. Steroids administered intramuscularly in cats increase plasma volume up to 49.7% without a change in body weight or total body water. 1 Postulated mechanisms include mineralocorticoid-induced sodium and water retention, and insulin insensitivity with associated hyperglycemia and fluid shifts from intracellular to extracellular spaces, with the latter proposed to be most important. 1 Exogenous and endogenous steroids are associated with increased left ventricular mass and diastolic dysfunction in people, 2, 3 and increased left ventricular wall thickness and evidence of diastolic dysfunction occurs in normotensive dogs with naturally occurring hyperadrenocorticism. 4 Additionally, glucocorticoid and mineralocorticoid receptors on vascular smooth muscle mediate vasoconstriction by affecting transmembrane sodium and calcium flux in canine and lapine arteries, and therefore steroid therapy might increase vascular resistance. 5 Increased systemic blood pressure is associated with a short course of steroids administered PO in dogs. 6 Thus, increased plasma volume, hypertrophy-associated diastolic dysfunction, and increased afterload due to enhanced systemic vascular resistance are all mechanisms by which steroids might predispose a cat to develop congestive heart failure (CHF). Steroids administered PO and intramuscularly are associated with development of CHF in cats without prior signs of heart disease, 7 but criteria to identify cats at increased risk for steroidinduced heart failure are not established. Plasma N terminal pro-B-type natriuretic peptide (NT-proBNP) increases with myocardial stretch and increases with atrial dilation and left ventricular hypertrophy in people and cats [8] [9] [10] [11] ; however, there is limited data regarding changes in NT-pro BNP and echocardiographic indices of myocardial remodeling and hemodynamics associated with steroid use in cats. 12 Short-term glucocorticoids increase circulating natriuretic peptides in human patients. 13 The primary objective of this study was to measure NT-proBNP and echocardiographic variables in cats administered steroid treatment PO with the hypothesis that heart size and NT-proBNP would increase, supporting increased plasma volume.
| MATERIALS AND METHODS

| Case selection
Cats were recruited from a single private specialty hospital, Friendship Hospital for Animals, for this prospective observational study. The study was reviewed and approved by the hospital administration, and informed owner consent to participate was obtained for all cases. Cats for which the primary clinician intended to initiate at least a 5-day course of steroids administered PO at a consistent dosage for any clinical reason were consecutively recruited. The primary clinician determined the dose and frequency of steroid administration. Cats were excluded from the study if they had concurrent disease that might affect NT-proBNP, including uncontrolled hyperthyroidism (total thyroxine ≥4.0 μg/dL), systemic hypertension (systolic blood pressure ≥160 mm Hg), or moderate to severe chronic renal disease (IRIS stage III or higher). Cats receiving diuretics, angiotensin-converting enzyme inhibitors, or fluids administered SC or IV for any reason were excluded.
Cats that received steroid treatment for any reason in the 2 weeks before enrollment were excluded. Owners were instructed to continue feeding their cat's usual diet for the duration of the study.
At the initial visit, baseline population characteristics were documented including age, sex, breed, and the reason for planned initiation of steroids. Baseline values were established for body weight and heart rate, and the presence or absence of a murmur or gallop sound was documented. Systolic blood pressure was obtained via Doppler using a cuff measured to 40% of the limb circumference, and the cat position, cuff size, and limb used were recorded. The mean of 3 consecutive measurements was recorded. Venipuncture was performed for evaluation of PCV, total solids (TS) concentration, and blood glucose (BG) concentration.
Additionally, if the cat's medical records did not show results of blood urea nitrogen, creatinine, or total thyroxine (T4) within the past 6 months, these tests were performed. Venipuncture was performed and EDTA plasma was stored up to 12 hours and transported on ice packs by cou- just before mitral valve opening in early diastole as previously described. 16 Maximal right atrial area was calculated in a similar fashion.
Left atrial plus auricular area was calculated by tracing the endocardial surface in a single plane (right parasternal short-axis view) at aortic valve closure as previously described. 17 For each variable, the mean of measurements from 3 consecutive cardiac cycles was used.
Cats were presented for repeat evaluation 5-7 days after initiation of steroid treatment. Owners were encouraged to return for the repeat examination at approximately the same time of day as the initial visit to avoid any confounding effect of circadian rhythm on NT-proBNP. The number of days of steroid treatment and the time elapsed since most recent dose were recorded. Body weight and heart rate were again measured, and the presence or absence of a murmur or gallop was noted. Measurement of systolic blood pressure was repeated using the same cuff, limb, and body position. Venipuncture was performed and PCV, TS, BG, and NT-proBNP were repeated. An echocardiogram was repeated, and cine loops were saved for later evaluation in blinded fashion.
| Statistical analyses
Healthy cats without signs of heart failure typically have NT-proBNP <100 pmol/L. 10, 18 This study was powered based on an alternate hypothesis that mean NT-proBNP in cats would rise from a value of approximately 35 to 100 pmol/L post-steroids. Ten cats were required to detect a significant difference versus the null hypothesis with a power of 80%. Data were examined with a D'Agostino & Pearson normality test to determine distribution. Normal data are presented as mean ± standard deviation, and non-normal data are presented as median (range [ie, min-max]). A paired t test or Wilcoxon signed rank test was performed to compare baseline and recheck measurements. A percentage change in NT-proBNP >60% in individual cats is superior to the use of absolute values compared to a reference range due to high individual variability of NT-proBNP in cats. 19 Thus, the study also con- ulcers (1) , and immune-mediated hemolytic anemia (1) . No cat appeared clinically dehydrated at initial examination. Eight cats had no echocardiographic evidence of cardiac disease. Baseline NT-proBNP values for these cats was normal in all cases with a range of 24-94 pmol/L (median 38.5 pmol/L). One cat was newly diagnosed with complete AV block and 4-chamber cardiac dilation and had increased baseline NT-proBNP.
Another cat was newly diagnosed with hypertrophic obstructive cardiomyopathy with normal left atrial size and had markedly increased baseline BNP. One owner began the first dose of the steroid taper (administered 50% of initial dose) the day before recheck. All other cats received steroids administered PO as prescribed, and all cats returned for follow-up within 5-7 days as specified by the study protocol (median 7 days). One cat was treated with budesonide administered PO (0.2 mg/kg once daily), and the remainder were treated with prednisolone administered PO (dose range 1-3.3 mg/kg/day; median 2 mg/kg/day). Results are presented in Table 1 . There was no statistically significant difference in NT-proBNP concentrations at baseline as compared to NT-proBNP after steroid treatment (Figure 1 ).
Six of 10 (60%) cats had a change in NT-proBNP >60% after steroid treatment, and 3/8 (38%) cats with a baseline BNP <100 pmol/L had NT-proBNP >100 pmol/L after steroid treatment. There was a statistically significant increase in TS concentration. There was no difference in heart rate, blood pressure, glucose concentration, or body weight. There was a statistically significant increase in LVIDd, LVIDs, LA dimension, LA/Ao ratio, and left atrial and auricular area ( Table 1 ; Figure 2 ). There was no significant difference in any other echocardiographic variable assessed. One cat had a particularly large increase in NT-proBNP concentration (30-414 pmol/L) with a concentration after steroid treatment that is associated with heart failure in cats. 18 
| DISCUSSION
In this study, the short-term effect of steroids administered PO was not associated with a statistically significant increase in absolute concentration of NT-proBNP; however, the significant change in left atrial and ventricular size suggests that steroid administration increased circulating plasma volume. Glucocorticoid-induced hyperglycemia has been proposed as the primary factor in volume expansion and precipitation of heart failure after steroids administered intramuscularly in cats, 1 but this reasoning is controversial. 12 In the current study, the increase in heart size was likely due to volume expansion secondary to mineralocorticoid effects since there was no significant change in BG concentration with steroid treatment. Blood pressure was not significantly different after steroid treatment and systemic hypertension does not seem to be a clinically relevant effect of steroids administered PO in cats 12 as in dogs. 6 Total solids concentration significantly increased after steroid treatment and might be due to increased hepatic synthesis of albumin or increased circulating lipids. 20 Despite an overall lack of significant difference in absolute values of NT-proBNP, 60% of the cats had a serial change in NT-proBNP, which is greater than expected weekly intraindividual variation, 19 and over a third of cats with normal NT-proBNP had increases of NT-proBNP after steroid treatment that exceeded the upper normal reference limit. Due to weekly variability, an individual's serial change in NT-proBNP concentration >60% of the baseline value might be a better indicator of clinically relevant change versus the use of a population-based reference value. 19 A serial assessment of NT-proBNP in an individual cat undergoing steroid treatment might be useful in assessing risk of causing volume overload.
One cat in this study received budesonide administered PO and ultimately developed abdominal effusion. Budesonide has been anecdotally suggested to be safer than prednisolone with reduced mineralocorticoid effects; in humans it is less bioavailable and in dogs fewer side-effects have been noted (though adrenal suppression does occur), but to the authors' knowledge it has not been extensively evaluated in cats. 21 There are several potential limitations to the present study.
Hemodynamic changes were indirectly measured using NT-proBNP and echocardiography; however, assessment of plasma volume or total body water using isotope or dye dilution or densitometry is cumbersome and poorly suited to routine clinical practice. 22 Differences in hydration status could have affected echocardiographic measurements in this study 17 ; however, cats were examined at roughly the same time of day for each visit to minimize circadian effects on NT-proBNP or hydration. Despite these efforts, the duration of hospital visits were not standardized and cats were not acclimatized to the hospital before recording heart rate and blood pressure measurements. Additionally, treatment of the cats' underlying disorders with steroids might have affected water intake and thus hydration status at follow-up examination, though no cat appeared clinically dehydrated at initial examination. Variability in gastrointestinal absorption might affect plasma steroid concentrations, which were not measured. This study was not designed to assess the effects of more protracted courses of steroids, thus conclusions regarding long-term effects of steroids administered PO require additional studies.
